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The application of time-resolved luminescence

spectroscopy to a remote uranyl sensor

Pierre T, Varlneau, Rich Duesing, and Lawrence E Wangen

Los Alamos National Lab, Chemical and Laser Sciences Division

Los Alamos, New Mexico 87545

MSTRACT

Time resolved luminescence spectroscopy is an effective method for

the determination of a wide range of uranyl concentrations in aqueous

samples. We have applied this technique to the development of a remote

sFnsIng dev]ce using fiber optic cables coupled with a mlcr-o flow cell in

orci~r to probe for uranyl in aqueous samples, This sensor incorporates a

Naflon membrane through which U022+ can diffuse in to a

reaction/analysis chamber which holds phosphoric acid, a reagent which

enhances the uranyl luminescence Intensity and lifetime. With this

device, anionic and f luorescing organic interferences could be elirnlnated,

allowing for the determination of uranyl over a concentration range of 10-

‘! t.o l(]-~M

. 1. INTRO17UTION

Laser Induced time resolved luminescence (L ITRL) spectroscopy 1s an
effective method for the determination of a wide range of IJOZ2+

concentrations in aqueous samples ‘-3 This IS because uljon excitation,

uranyl shows an Intense green emission v’hlch Is easily detected and

f~(l..ll)t 1(1!;!1 We have taken advantage of this technique to create a sensor
ll,l~~~,lqtl which we can establish a remote and nearly real (Ime analysls of

III ,ItIyI (ot](:f~nl.1.al.lon In aqueous solutlonsl III this sensor applicntlon the

PxcIr,qtloq bcarn IS carrlt?d to the sample i~fld the emitted radiation Is

cwv’It?d to tho photom’jltlplier using fiber optic cables which arc

connected to 2 flow cell. TIIe urn.? of chcmlcal ml physlcdl sensor j which

nDply flbcr ODI. lC technology ha~ Incrcaw!d trcmt?ndously III the pdrt

d~cadc ~-b tiowov:r, there arc only a few reports In whluh Ia:mr-t).l:+mj



t.lme resolved luminescence measurements have been (..;ecj with fiber

OpI.Ic5 in an analytical manner, ~la

I I ‘=.ensor Peqlrjq

Several different designs of the uranyl sensor were tested, the mOSt

successful being outlined in Fig, 1,
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Another short length of tubing is used to connect the bottom of the Nafion
tI.ItM :0 a short piece of glass capillary tube (2 Imm Inner diameter) which

act:, a; ,3 micro-flow cell, Two 200 ~m fibers and a m]crocapillary drain

tllr~e :’:re seal~cl In the top of the glass capillary with epoxy, For this
:;pl):,l’t l-, r.t-le [IC!W reaqent is phosphoric acid, Th]s reagent enhances both

t.l-!~, .I-:IIIyl ernlsslon int~nsity and excited state Ii fetlme ( ’200 US at 295

K Il-l : I-! HSP(I.l) compared to other aqueous acidic solvents, thereby

l~:dlnl] tO lower detection limits,2,g Th]s reagent is also used to flush
ttl!~ <Vs[em ond renew the chemistry in between readlnqs IJ’sing this

PY:pdI !foental retup, It is possible to obt:l!n a fairly rapid ~11(1accur.~te

f.let.~:fll-lll?,~ltlc~n ill’ ur,qnyl crmcentratlon u51ng a simple pl)y:lcal

,!, -,:)rfl(?n!l“;!.),: .,

Analysis is done In a stopped-flow manner Reagent IS pumped

t.hrouqh the Naflon tube anti flow-cell to regenerate the sermor, Flow IS

th~n 5t.(~llped, m“Kt the sensor 1s allowed to e(~(]ll Ibrntc In dn aqueous

5ol II fl,:In of analytc During this time, uranyl ions can dlffu:+e from tlw
;.1(”11It:(’!III?, ~,anlplv into a the Naf!on tube cmtalnlng phosphoric ;~cid. After ii
,.~1 ‘1 ;lllltw{ltl(~l~ tln7c, ty~lcally 30 minutes, an ;jppr-opl-lat. (? afnounl of

I III : ‘-I)I’It - ,11-1~1 I:; tromped through the systum !n order to extract thr
111”11),I I I’01”11 th(? Naf Ion membrane and pUSn the sample ln[~ tl)~ flow (:el:

fol :;p(:ctromopic analysls The total void volume In the Nafion tIJhC, th(?

“,,h(~r.1.(;.ll)lllarv tdx? connecting the c(!II, and the m!crocell, IV; estlmatcd I.CI
1)1’, ;(’I Ill IIo vw y lIt t.le flow r~aqvnt 1’5 II:i(?d Aft I?I :.I tll~),]rtlll(;t’nct~[ I:;

I,II,IJII , ‘()() III (“!f l.(~:)qw)t Ir pumpf?ci !hrm.!qh tlw !iy ’item to I“(?IICW lIN?

Iii,: l:’” I I ‘~, dt)d II)(I prnces’; l’; rppual(?d ,All uI(”IV.1111,’)(”1!3()[ 11’+lll(j lt)lf; (1511T(]

’11’ , !,’ Ifll) l’, tl)rll 1.1-1!?ql,]5r m]rrof:(?l I I’; rwvw- Itllrll(?l’’.i(1(l 11) ‘+olllt.loll”

11,1’!,’!, )1[’, ,Ihy ( h,.m(.lcs In tht? refractlv~ Imk?x, ,W;O;”PI.101) (:()(?fficlcnt, of’
11)1~[i,,’,l~l](l! of ‘;(:, )t.tw’lnq t](~ent.:; 11)tho ‘; 01111,1(M) (hwi; 1)01 (Ifr(?rt II)(? I)ack

‘,r, I1 fI~I Of lIql\l. 1111.o the c!)llecllofl fllwr III ;I(hl I1.101) ( t),]l)q~?r; In l,h(~ 01)1 IC,II

1)101)(11f I(”; of fl}f’ hlaf Ion [lJt)c (jo II()( ,Ifft!{:t ftl!! ,1111()(III! ()! Il(]t)l. l’(?(:\?lV(?(j If)

11],,1f .11,11 11011 (lt)l)r’ II)(’ (“011((’1)11-,11101} I .11)( 1!’ 01 Ill ,Illyl It\ill (’; ]1) I)(>

1111’.1’1111’(1 l’, I(I ‘1 lo 10-’) tl A ‘;(:h(’n);!ll(’ of 111(’ I I 11{1 ,11)1),)1, II(II;

II)( l~l!,~,l !1111)(I 111(’ Ill !Il)yl ‘:(’11’101 l’, ‘II H)WI) Ill I I(1 ,’
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FIg 2 Experimental setup for the fiber optic I)ased,

time-resolved luminescence measurements.

In this setup, the excitation beam was provided by a 1.!31 V5L337

Nitroqen laser which lI~Ys an output of 150 DJ/pulse with ~1 3 IE pulse

width at 337 mn Fiber-uptlc cables which can transnll L ultraviolet

racliat ion wf?rf? p(jr~hXed from 3M, The laser beam was focused on to the

fll~cr OP!IC cahlfi with a microscope object lvr? An lnLcrf(’rcnce filter was

111,.I,: I?!.I (111’P(:I.Iy Ir) front. of the PMT housing to ellmlndtc any stray Ilght or

1,1’;!:1” I; I._:Il,lrI-Inq from entering It and so that only the emitted radlatlol}

frorl] 4U0 -52( I nm (where the majority of the uranyl emlsrlon occurs) was

(;OI lc’ctcd The output signal from the I{amamatsu 1{95{5 PIII was coupled

I.Oa I..(?(:roy 9410 dlgltal OWIIIOSCODC wt~l(:h wa:~ !nt(?rfm:l’(1 lo ;~n I13M P(U

for wldlygls purposes “TopUIIIp the l]holjl]hol-](: acid I-(?JqCI~l Into th(? uranyl

‘IPI)”;OI”, J I lcimll ton 1-11(:f-o I ill) 9(IO I)ImO(]I-tIf III IIal)l(I IiyI’lnq(I I)tmll) wi)I; 11’i(?(i

1[’1 If)l) Ill ~!’1(1’} W(’r’l! 11’i(~(l ‘;ll)(’f’! t i,\ Po#~ I(?.1(,IIP’I Ir”oll mll 01 t t){! Ill(?t. ill

I II I IIlfl,, l~l.II IIIUI lo (l~lpt)(t)lt](i 01 tl)(? Ijr;]r)yl (IIIIII;I;IOI)

“ llusults JIM L~l$cubu!w~-.



In this paper, we report on the development of a ser~sor wh]lch

couples the well established LITRL method for uranyl analvsis with a

preconcentratlon technique using a Nafion membrane separating a sample

s,olut]on from a ~hos~hor!c acid rnedlum Nafion, shown below, is a

dIJI-dI!6 pernlselectlve per fluorosulfonate ion exchange material which,

when cast in the form of a membrane, can be used for the transport of

cations from one aqeous solution to another. When dll(ute solutions are ir

contact with the Naflon, solution-phase anions cannot pen~?trate the
m~:mhr-me The rtsason fur th!~ IS Ilonnfin (>xclus!on whl(:h Iki clue to the

l~Iqh cw-lcent.rl~t 1131)of tlxed .3n:on Ic sites w I(hln tht’ nleml.Ir.Ine and tl)e

Silllsf?qllor)t I.)ull(l u~) [.)f d i:7it.10nl C double layer c!)arge l)o(mdary around the
1~~,jl.(li}r 111,>I (“),I I Tl)(],;,, r-ol- ()(11- .1y51em, ,amon:; 5(!(”I-) :“6 ::!Il(>I’ILle are excluded
I 1“(.JI”II !.111;1“11,,.-i.jpl-)(:)1-I (, ;1(:!(j m (?(!1urn l-hl~ IS a ~Iqm IIc JI”)t d(.wantage for this

I+tu Ilj I“, Il;il IdP15 taI’I? ~ril~n~. tt-l(? most likely uranyl qI.Iencllti[”; to be found in

qroul Idwat f’!’ l-here have been several studies conc2rI)IIlg the qener21

strl.k:[lu-(? WI(I propcftles of Naflon as well as cm thr? rote ot Ion diffusion
t.hro(j~jh the mcrl]lv-anfs I I In addltlon to Ion tran:;p(lrt, 051’110tlC flOW Of

water will .31:;0 dcc( II.
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kinetics for all of our determinations, indicating that uranyl is the only

species contributing to the observed emission decay signal.

In addition to other emitting species, inorganic and @rganic

auenchers are the major Interferents which can hamper the accuracy of

our analysis. Diss)lved Inorganic ions in solution have profound but varied

effects on the excl”’ed state properties of UOZ2+, generally quenching the

ernlsslon. 12-IS Anion quenchers such as:l- and Br- should not diffuse

very readily through the Naiion membrane of the sensor,lo,ll To test the

pf?rmselect!vity of tle Naf]on, we analyzed solutions containing large

excesser of KCI or KEr comt)ared to 10-GM UCZ As shown in fig, 4, the

sensor allows for urayl anal’ysis In thp presence of a 1,000-fold molar

PYCeS5 of chlor]cic wlt.lout. lny decrease In signal lntCnSlty or excited-

state Ilfetlme In rnar:ecl contrast, pwnplng uranyl solutions containing

chlorlde or bromide dlrl’(:tly through the s~nsor, I)y-passing the Nafion

diffusion step, drastically reduces both the emission intensity and

I!fetlme (by ‘85%for ths case), In a separate experiment where the
Chloride concentration wt,s held fixed at 2,7 x 10-4M and the uranyl

concentrations varied from 5 x 10-8 to 6x 10-SPI, there was virtually no

significant decrease in the uranyl excited state lifetime or emission

ir~tenslt.y as the uranyl concentrat.lon decreases when the ~ensor IS used,

In [he absence of the sensor, the uranyl lifetime decreases from- 200 Ils

t.o -50 US over the saint? concentration range and there Is a corresponding
dccr~~(?be In cnmllsslon Intensltv as well.

The ma]cr Inorganic cation quenchers, which are Fez}, Pb2+, and Ag+

can Dose slgnlflcant problems since they can permeate thf! Naf!on

membrane 13-IS We are currenily inv(?stlqating I.hc effects of these

In[erferents and working on r-nethods to ol!rnlnnt.lng t.1)1~ problem One

‘ml(ll.lor) to thl~ I)robl(?rn 1s to usu the proprlclnry r’eagent I“”luran, which

rffm:l,lv(?ly (?lllll ll],”lt (?’”; ({upr)(:hlrl(] (.f Ic to [“PZ+ and PI):+ whm they arc at

111111.K (:(]r)(:(;fltl-;~lior)’; to IM urhtinyl ion I-IN? (?X(:ltQd S!atc Ilfetlmc of
Ilo>/” In I lIIr:m IS ‘-’!3!> 115 I’orasol(lt!c:}of I X 10-~PIUOZ , this

Ilf(?tlrne does not decrease with increasing Iron or load crmcentratlon

Itt}lll d molw- eM(:05:; Pf (I(ICIN:II(II. conlp;nrcd to (Irmyl 1:; f-cached
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Figure 4. The uranyl excited-state decay rate constant is plotted

as a funct]on of the KC1/U022+ concentration ratio. (0), solutions

pumped directly into the flow cell of the sensor; (Cl) solutions that

l~;IfJ t(j IMSS t~trough the Nafion membrar,e before entering the flow cell.

U-B!2mcm ~G rh.~drtpristirs of the Ur anyLSenwr
To establish tbe response characteristics of the uranyl sensor

determined the signal intensity between 45 and 55 DS after laser

excitation at several concentrations of uranyl Ion inside the flow

chamber A series of O 75 M H3POtI solutions of varying [U02]2+

c(mcwlrraticm pumped directly through the sensor, bypassing the F;a’
dlffll’-,ll-m qtep, gave results :;hown as the ‘.;haded ClrCleS In Fig. 4.

, we

ion

in]lner:;ll)g the Naflon tube In delonlzed water solutions containing the

‘;ame varylmg concentrations of [U02]2+ for 30 rein, allowlng for diffusion,

and ttwn making the ~mlssion measm?ments gave the result~ shown as the

1.IIawIl!~5 In r:ii .’1 1“11(1!+(?‘Il(jnals arc ~~ppfoxlma(ely 10 I.lmcb tllore

lnt(?l~’;l? than thow? obta II)(xI when ttw Ilranvl ~oliJtlonCi WPI.C pump(?d

(llr~cl.ly t.hr(~~lql) l.l)~? flow optrode, He(:wr~,e [)h(.wphatc IS anionic and thus

‘,1~(~111(1I)(Jf. d~tfll’i(? I.l)t-ml(lt) t.hc Naf inn rn(wll)rww ml th(? ~n’anyl Ion forms a

(:~)111~)1””< W1l. tl pl)()’ipllat(? Ion’;, uranyi I:; (otllt~n!.t::ltr’! I’om the sample into



tI,e (lc;\Jj optrode. In add~tion, the phenomenon of Donnan dialysis may

lead [o a Concentration enhancement, 11116 This concentration

enhancement leads to a 10-fold increase in the detection limit (-5 x 10-9
M rather than S>: 10-8M, based on asignal-to-noise ratio of 2), Figure 4

also shows two calibration curves obtained for uranyl nitrate/sodium

nitrate so;utions In which each data point was acquired after a 30-min
pq[lll]bratjorl tln7p These results indicate that the observed signals are

lr~d:l:+rlcient of IDmC strength,

●

(,[)i I i+
./!

1 I
,,’ 10-7 lo-f’ ; -5 l(J-”1

Uranyl Concentration {M)

1-ItiII.Jre 4 PIot of the average emission Intensity between 45 and 55

IL~ after excitation vs concentration for aqueous UOZ2+ over the range
‘) !<lo-~hl tr) : ,\ 10~lluslng theuranyl sensor shown In Fig, I (o),

l(JIJz]~’puml:wd directiy Into the flow cell; (A), [UO~]~+ In a delcmlzed

W, II. PI- sfIIIIt IoI-1, [l.JO~]~+ in an aqueous solution of; (@), lYIO-~Pl NaN03;

([]}, l):lf!”’~; 1 Nj:INO~ For the solutions that were not I](ir”nped directly

1111(1I.IN.I flow (cII1, the uranyl Ion was allowed to dIfl L.Jsc through

IIN.I Naf Iw~ nlcmt)rane Ir)to the flow cell over a pcrlo(t of 30 mln,

II) I)PIw(I(?II IITaIIyl detern]!natlorl~, [I)p <cnsol” was; “;(~akcd Irl dlstll led

i’j,Il (II ,_Ir)(l 1.1)(I flow (. I.’II w(i:-, fl\J211e(l wll.11 ‘)~’vpl ;]1 ~j~l Ill ,lll(]UOt Fi of 0,75 Pl



H~PO~. The reversibility of the system was shown by the fact that the

intensity reading between uranyl determinations consistently returned to

the !?.aseline value, even after hundreds @f experiments under differing

cuf?{lltlons of uranyl, quencher, and electrolyte concentrations.

~~srnotlc Flow

Figure 5 shows the amount of osmotic flow that was observed using

I 51’1 H3POq as the flow reagent and varying t~le cationic formsof the

Naflon membrane Nafion can be converted from one cationic form to
znot.i-ler simply by equilibrating the membrane in a O.1 M solution of the

c~ttI:J:J Of interest for several hours, Since H3POq ispresent as well as an

pl:;l-rr~lyt? ;;,ol[.ltlon, It is expected that only partial conversion from the. .
H+ ~orm WIII occur Osmotic flow rates were determined by weighing the

acII.Ieous solution that drained out of the waste flow capillary tube on the

uranyl sensor at five minute intervals and then converting these weights

to volumes assuming a density of LO g/ml, If it is assumed that the

ci!ffl.lslon coefficient of water through the membrane remains constant,

ther the instantaneous flux is dictated by the difference in ionic strength

;ICI-OI;,’S the membrane at a given time. The osmotic flow data in Figure 5

t“epre”;mts the total amount of water that passed through the membrane

:1,; a l“1.mrtirm of time, Initially, the relative difference In ionic strength

a(:ross t-he Naf ion membrane is great ( 1,5 M vs 10-5 II). As osmotic flow

~l-cv:lrejses, arlci the phosphoric acid solution on the inside of the Nafion

tUI-W IS dll~~t.ed, the total amount of water flowing across the membrane

I)er ~lnll. tim~ decreases, When the ionic strength of electrolyte is the

s.arrl~? on l~(lth ‘jid~)s of the membrane, the net osmotic flow will stop,

lhl~ IS a potentially damaging phenomenon from an analysis

‘st..ir”wllmlnt :;lnce the entire void volume of the Naflon tube is - 30 IJI,
(j’~rn~]l.ic flow can have pronounced dilution effects cm the phosphoric acid

solutions When the phosphoric acid solut(on is diluted to f 0.5 M, the

ir,mjl eml~~lon Intensity and excitt:cl state Ii fetlme decreases

dralll;ll.lc, nlly B~tween O 5 and 2 PI I+3PO(I the IJ02 excited state lifetime

V;W!PS onlv sllqhtly as a function of phosphoric acid concentration For

f?xampli?, dllutlon from 1,5 M to 0,75 M H3POq does not affect the analysis
‘“)l(ll) lfl(.;allt. lv

!3



DeSplte the presence of osmotic flow of water, we observe no

decrease in excited state lifetime during our analysis, Even though

dilution of the phosphoric acid certainly occurs as a consequence of

osmotic flow, by pumping several 5 IJ1 aliquots of phosphoric acid through

the system to extract the uranyl from the membrane, the solution
containing ur~nyl that reaches the analysis cell contains nearly the Same

ccincentratlon Of H3P04 that was originally in the system. The diluted

H~PC~ IS pushed thrcugh the flow cell and outof the system before the

analysls is performed. This was evidenced by the fact that the lifetimes

we observed during the experiments were consistent with using 1.5 M

H,3P04, - 20!3 US Dilution would lead to shorter lifetimes.
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FILII.Ire 5. Osmotic flow as a function of time for the differinq cationic
fo~mt of Naflon: (o) H+, (0) Na+, (0) Mg2+, (A) Ca2+

ti!srnotlc flow can be controlled to some extent by changing the

t:fj~.lnt.erlon associated with the sulfate anion of the Naflon membrane,

dlfrl~slon coefficient of water through a Nafion membrane depends c?n

water content of the membrane.’7 More hydrated filmt show larger

dlffuslon coefficients than less hydrated films, The catlmic form of

The

the

the

iilln, dlct.al.es, to a large extent, the degree of hydration 01 the fllm,17

10



The results depicted in Figure 5 confirm these observations. When the

membrane is in t~.~ H+ form (a highly hydrated form) we observe large

osmotic flow rates. When the membrane is partially in the Na+ form, we

observe Iwer rates of osmotic flow. Although slower osmotic flow rates

are deslr b:e to lessen the effects of diluting the flow reagent, it is

generally true that the transport rates of cations through Nafion

membranes follow the same trends as water transport rates. Thus it is

expected that for less-hydrated membranes, lower rates of uranyl

transport Imay also be observed. We are presently investigating the

interact ii)tl 132tween uranyl transport rates and osmotic flow rates.

Acknowledgements are made to Dr. Lloyd Burgess for helpful

discussions and providing the initial Nafion tubinfl used in our
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